Sections of pancreas from 21 nonhuman primates with diabetes mellitus were examined by light and electron microscopy. All monkeys showed amyloid accumulation in the islets of Langerhans. Amyloid was identified by its dichroism with three different stains: Congo red, changing from red to yellowish-green; standardized toluidine blue, changing from blue to red; and sulfated alcian blue, changing from blue-green to pink. Sulfated alcian blue was a rapid and effective means of detecting amyloid. The characteristic fibrillar structure of amyloid was seen with transmission electron microscopy. Deposition of islet amyloid was independent of the presence or absence of amyloid in other organs. Results indicate that nonhuman primates offer a model for studying the sequential development of insular amyloidotic diabetes mellitus.
Causes of the development and progression of diabetes mellitus in man are manifold. There have been continued attempts to link the clinical syndrome to specific islet changes. Although deterioration of the beta cells in the islets of Langerhans is a common feature of juvenile-onset diabetes; there are other factors in other types of diabetes.
One lesion in the islets in man has received sporadic attention and continues to be associated with diabetes mellitus. Infiltration of a hyaline material into the islets of Langerhans was described almost 80 years ago [ 171. The hyalin, subsequently identified as amyloid [l, 31, has been seen frequently in the islets of aging people; it is found more often in diabetics than in nondiabetics [2].
In our work with spontaneously diabetic nonhuman primates, particularly Mucucu nigru, a consistent phenomenon has been the presence of insular amyloid. The severity of diabetes is linked to the increasing deposition of amyloid in the islets of Langerhans [ 101, and the concurrent deterioration of islet cells. These monkeys are a model for studies on a similar association of amyloid and diabetes in man.
In this report, we describe light and electron microscopic findings in normal cells in the pancreatic islets of Langerhans of M. nigru and other nonhuman primates, and document the accumulation of insular amyloid with concurrent deterioration of the islet cells. We also comment on the probable developmental sequence and compare amyloid accumulation in M. nigru with similar phenomena in man and other animals.
Materials and Methods
The 21 nonhuman primates in this study included 17 Celebes black apes (Macaca nigra), two rhesus macaques (Macaca mulatta), a drill baboon (Mandrillus leucophaeus), and a Formosan rock macaque (Macaca cyclopis). Fourteen of the monkeys described in this report were from our colony, and seven were referrals from other centers or zoos. Information has been reported on islet amyloid in M. nigra [lo], M. cyclopis, and M. leucophaeus [12] . One M. mulatta delivered an overweight infant (702 g), and diabetes was confirmed subsequently by a pancreatic biopsy. Islet amyloid was found in the other M. mulatta during routine histologic examination of the pancreas taken at necropsy.
Nonhuman primates in our colony are either caged individually or maintained in breeding groups. They are fed Purina Monkey Chow@ (Ralston-Purina Co., St. Louis, Mo.) twice daily. Monkeys included in this study were sexually mature, of both sexes, and from seven years to more than 20 years old. Nondiabetic control monkeys were 28 M. nigra that have been studied over the past seven years, whose metabolic and clinical blood measurements were all within normal ranges.
Blood was taken from monkeys from whom food had been withheld overnight; serum was analyzed for glucose (Beckman Glucose Oxidase Analyzer, Beckman Instruments, Inc., Fullerton, Calif.) and immunoreactive insulin (Amersham/Searle, Inc., Arlington Heights, Ill.). Intravenous glucose tolerance tests were done on monkeys after an 18-hour fast; 0.5 g of glucose/kg of body weight was given intravenously and blood samples were taken over a three-hour period. The amount of glucose cleared per minute (Kg = 0.693X 100 + t ?h where t ?h is the time in minutes for the glucose concentration to decrease by half) was calculated from the 15-minute, 30-minute, and 60-minute samples.
Tissues were taken from 17 monkeys at necropsy; biopsy samples were taken surgically from four monkeys. A complete necropsy was done on each monkey. Only histologic changes of the pancreas are reported here. For the pancreatic biopsies, each monkey was anesthetized, a laparotomy was done, and small lobules of pancreas were blunt-dissected free from the membranes, ligated, and excised. Examination of the pancreatic biopsy site in those M. nigra who eventually came to necropsy, as well as in the three M. mulatta used to develop the technique, indicated no untoward problems in the area of the biopsy.
Sections of pancreas were fixed in phosphate-buffered 10% formalin, embedded in paraffin or glycol methacrylate, and sectioned at 5 pm. Histologic stains included sulfated alcian blue [ 151; hematoxylin and eosin (HE); aldehyde fuchsin trichrome [7]; Congo red [ 181; and standardized toluidine blue [20] . Polarizing lenses were used to detect dichroism.
Blocks of tissue approximately 1 mm thick were fmed in 3% glutaraldehyde with 0.1M sodium cacodylate buffer at pH 7.4, and postfuted in 1% osmium tetroxide with s-collidine buffer at pH 7.4. They were dehydrated through ascending concentrations of ethanol, transferred to propylene oxide, and embedded in Epon (Z. V. Roberts and Associates, Culver City, Calif.). Thin sections stained with uranyl acetate and lead citrate were viewed with an electron microscope.
Results

Clinical classification
Only the measurements necessary to indicate a diabetic or nondiabetic status are presented here. A more detailed clinical classification is presented elsewhere [ 1 11. The serum measurements in table I are specifically those of M. nigra and are generally valid for other species of nonhuman primates [9]. The Kg values from intravenous glucose tolerance tests and serum glucose measured after an overnight fast are the major indices for establishing clinical diabetes. Glucose clearance was slower in diabetic monkeys than in nondiabetic monkeys. The insulin response during an intravenous glucose tolerance test was impaired; the quantity secreted diminished, and the time of maximal secretion was delayed.
Gross observations
Causes of death and major lesions are listed in table 11. Secondary complications of diabetes seldom were associated with the cause of death. All the diabetic nonhuman primates had some secondary lesions, however, such as cataracts [8] and atherosclerosis.
Aortic atherosclerosis, which was most severe in diabetic monkeys, was correlated with increasing severity of diabetes [ 111. No gross changes were seen in the kidneys or lower limbs.
The pancreas averaged 6 to 8 g in a 3-kg to 4-kg M. nigra (approximately 0.2% of body weight). It was about 6 cm in length and 1.5 cm in width. The head and body were wrapped around the duodenum, and the tail of the pancreas extended to the left and touched the kidney and adrenal. No gross changes were seen in the pancreas of either diabetic or control animals.
Microscopic observations
HE stain did not differentiate between the various types of cells in the islets, but did delineate the general architecture. Islets ranged in size from 150 to 300 pm, and increased in density from the head to the tail of the pancreas. Aldehyde fuschin trichrome stain showed insulin granules in the beta cells, both in paraffin and glycol methacrylate sections. Amyloid was first apparent as a homogeneous eosinophilic mass surrounding capillaries, and as a thin band at the islet periphery in the diabetic monkeys. Sulfated alcian blue stained the amyloid a dusty blue-green, which became pink with crossed polarizers. Even with extensive amyloid deposits, the remaining islet cells looked viable. Adjacent serial sections stained with aldehyde fuschin trichrome showed insulin granules in the remaining beta cells. Amyloid was red under normal light in Congo red-stained sections. The characteristic yellowish-green birefringence was apparent with polarized light. Insular amyloid stained blue with standardized toluidine blue, but changed to red with crossed polarizers. The ultrastructural features of both alpha and beta cells adjacent to a capillary are shown in fig. 1 . The electron-opaque granules in the alpha cell were smaller and more dense than those in the beta cell. The beta cell granules were surrounded by a less electron-dense halo. A montage of a normal islet is shown at low magnification in fig. 2 . Cross and tangential sections of capillaries were visible throughout the pancreas. Figure 3 shows a pancreatic section embedded in glycol methacrylate and stained with sulfated alcian blue. Amyloid infiltrate averaged 32%. Figure 4 is a montage of a pancreatic islet with less than 10% amyloid infiltrate. All visible capillary sections were surrounded by amyloid deposits, and amyloid was apparent around most of the islet periphery.
Amyloid was visible between the capillary wall and both alpha and beta cells ( fig.   5 ). Apparent invaginations of amyloid into the secretory cells were emphasized at higher magnification ( fig. 6) ; some fiber orientation is also evident. The mass of amyloid surrounding the capillary generally had no directionality. Near secretory cells, many fibers were oriented toward the cells, i.e., were perpendicular to the cell plasmalemma. Some fibers retained that perpendicular orientation even when adj acent to the cell membrane. Some portions showed an apparent lack of cell membrane. Especially noteworthy was the discrete appearance of the cell organelles adjacent to the cell/amyloid boundary, even when no plasmalemma was evident. Particles, apparently secretory granules, also were seen within the mass of amyloid adjacent to some secretory cells.
Discussion
The appearance of amyloid in the islets of Langerhans of M . nigru is linked to the development and progression of diabetes mellitus. Because of this close association between a specific lesion of the islets and a metabolic and clinical syndrome, it is important to understand more about the accumulation and source of insular amyloid. Since a high percentage of aging diabetic people have extensive insular amyloid [2, 16, 191 , an understanding of insular amyloidosis in monkeys will contribute to a greater understanding of the causes and sources of amyloid deposition in man and the development of clinical disease.
The normal structure of the secretory cells in the islets of Langerhans of M. nigru is similar to that in man and other animals. Histochemical stains capable of identifying insulin granules, e.g., aldehyde fuschin trichrome, react similarly in man and M. nigru. By electron microscopy, the same general structure of granules is apparent. The glucagon granules within the alpha cells are smaller and more electronopaque than those of the beta cells. The insulin granules in the beta cells look more diffuse than is generally expected in beta cells of man. Insulin has not been characterized in any monkey species, but presumably the halo surrounding the granules in the beta cell represents the less opaque C peptide cleaved from the monkey proinsulin. Other features are similar to those described in beta cells in man [14] .
The only generally accepted definition for amyloid is that it is a beta-pleated sheet protein capable of exhibiting dichroism, i.e., a green birefringence when viewed by polarized light after staining with Congo red [5] . This definition has been established for those amyloids classified generally as primary or secondary, or systemic amyloids present in other organs [6] . The exact chemical composition of the amyloid does not seem to be a major factor in its ability to exhibit dichroism with Congo red. Of more importance is the structure of the fibrillar protein to which the Congo red dye binds to cause birefringence under a polarized light. The amyloid of the islets of Langerhans has not been extensively characterized chemically; insular amyloid exhibits dichroism with either Congo red or standardized toluidine blue. The sulfated alcian bluepositive reaction of amyloid is not an absolute diagnostic tool, but is more obvious and correlates directly with the Congo red reaction. Many mucopolysaccharides show the characteristic green due to the presence of carbohydrates. The term "amyloid" arose originally because of its carbohydrate-like staining characteristics, which have been verified by the sulfated alcian blue-positive reaction.
Typical fibrils characteristic of amyloid can be seen by electron microscopy. No inherent periodicity similar to that associated with collagen is seen in amyloid in general, or specifically in the amyloid of the islets of Langerhans. The occasional periodicity reported may arise from the twisting of a band of fibrils. Insular amyloid in M. nigra is morphologically similar to that in cats [13] and man [6, 14, 191. The exact source of insular amyloid is not known. Biochemical characterization of other amyloids has allowed some conclusions about their source. Primary amyloids, i.e., those with no known association with an infectious agent or chronic disease, arise from immunoglobulin proteins. Secondary amyloids, i.e., those linked with a specific infection or external insult, arise from a serum amyloid A component whose source is unknown. Insular amyloid may arise from polypeptide hormones, but the specific .amino acid composition and sequence relative to known hormones or prohormones have not been determined. There is some evidence that endothelial and reticuloendothelial cells may be the cell of origin of insular amyloid, but proof is lacking.
The initial deposition of amyloid repeatedly has been seen to begin between capillary and secretory cells. The appearance of a significant quantity of amyloid at the islet periphery is in keeping with the pericapillary origins. The afferent arteriole enters the islets and proliferates into a multitude of efferent arterioles and capillaries, which pass from the islet into the acinar tissue. Just before these capillaries pass from the islet, they parallel the periphery [4]. Amyloid visible at the islet periphery also begins in the pericapillary space.
Amyloid appears relatively uniformly throughout the islets. By the time that more than 5% of the islet had been filled, amyloid usually was present around all identifiable capillaries in the central or peripheral portions of the islet. With increasing amounts of amyloid, there was gradual deterioration in the secretory cells. Identifiable beta granules or mitochondria were visible within the amyloid matrix. Occasionally, there was no visible plasmalemma in areas adjacent to amyloid. This is apparently artifactual, a not uncommon finding in electron microscopy. Perpendicularity of the fibrils adjacent to the plasmalemma may indicate the secretory cell as a source of the amyloid; there is as yet no substantial evidence to support this claim.
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